Brass targets were irradiated with various laser pulses of Excimer laser ranging from 1200 to 3000 for constant fluence of 3.4 J/cm 2 in oxygen atmosphere (100 Torr). The surface morphology and crystallographic analyses were performed by using Scanning Electron Microscope (SEM) and X-Ray Diffractometer (XRD). SEM analysis reveals the formation of laser-induced micro-sized cavities, bumps, cones and wave-like ridges with non-uniform shape and density distribution. These features are formed for all number of pulses; however with increasing number of pulses from 1200 to 2400, the density of cavities decreases whereas, the wave-like ridges become more pronounced and bump-formation is vanished. For maximum number of 3000 shots, the appearance of cones and wave-like ridges becomes diffusive, whereas the density and size of cavities increase again. XRD analysis demonstrates that no new phases are formed in irradiated brass. However, the change in peak intensity along with lower and higher angle shifting is observed which is attributed to generation of laser induced stresses. The Yield Stress (YS), Ultimate Tensile Strength (UTS) as well as Microhardness increase monotonically with increasing number of laser pulses.
Introduction
The surface, structural and mechanical properties (yield stress, tensile strength and hardness) of metals and their alloys can be significantly improved by employing a variety of techniques such as ion beam modification, laser S. Ahmad et al. 24 assisted ablation or deposition, plasma processing [1] - [4] . Laser surface engineering is one of an efficient and reliable technique for material processing applications. Reduced heat affected zone, control over the laser fluence, speed, versatility, non-contact nature, contamination free and environmental friendly ablation process are the advantages of laser processing method over other techniques [3] .
The surface, structural and mechanical properties e.g. yield stress, tensile strength and hardness of brass can be improved by laser irradiation. The substantial quantity of work is reported on laser irradiation of metals in different environments [5] - [7] . Bashir et al. [5] have investigated the effect of laser pulses and ambient environment (dry or wet) and on the laser ablation performance of brass. Their results proposed that ambient environment plays a significant role in surface and structural modification of brass. Kazakevich et al. [7] prepared brass nanoparticles by brass target ablation in ethanol using copper-vapor laser radiation at various laser fluences. They found that the surface morphology of the irradiated brass target strongly influence the properties of laser-generated nanoparticles. Tam et al. [8] modified the brass surface using a 2 kW CW Nd-YAG laser. For modified layers the hardness was increased from 110 HV to the range of 152 -256 HV.
In the previous [9] work our group has investigated the effect of carbon ion produced by Pelletron accelerator on the same target. In this work ions of constant of 2 MeV energy with various fluences ranging from 56 × 10 12 to 26 × 10 13 ions/cm 2 were irradiated on brass target. These ions can transfer their energy to the lattice atoms. If energy of host atom is greater than displacement threshold then the host atom displaced from normal lattice site. This displaced atom is called primary knocked atom (PKA). A sufficient amount of the energy is transferred to the PKA, as a result PKA produces displacement cascades. Therefore, large numbers of vacancy-interstitial defects (Frenkel pair or Frenkel defect) are produced. Both the incident ions and PKA give rise to a number of effects at the surface and in subsurface area. These effects and defects bring alteration in structural and mechanical properties of irradiated brass. The present work deals with laser irradiation effect on surface, structural and mechanical behavior of brass. The main processes included are multi photon ionization and inverse bremsstrahlung. These effects produce thermal and pressure gradient on the material, as a result many defects are generated in the normal lattice site of host atoms. These laser induced defects produce modifications in structural and mechanical properties of brass. These results can be compared with ion irradiation results as reported previously [9] .
In the present work the effect of nanosecond laser pulses on the surface, structural and mechanical properties of brass has been investigated. The targets were exposed to Excimer laser of wavelength 248 nm with constant fluence of 3.4 J/cm 2 under ambient environment of oxygen. The surface morphology, crystallographical analysis, tensile testing and surface hardness were performed by using SEM, XRD, UTM techniques and Vicker hardness tester respectively.
Experimental Setup
KrF Excimer laser (EX GAM USA 200) with the 248 nm wavelength, 20 ns pulse duration, 150 mJ maximum pulse energy was employed to conduct the experiments. Rectangular shaped commercial grade brass with dimension 45 × 6 × 3 mm was used as a target. Prior to laser treatments, the specimens were grinded and polished with Silicon Carbide (SiC) papers of different progressive grades. The samples were washed during grinding with acetone to remove the impurities. The grinded specimens were sealed into Pyrex glass tube, evacuated up to a base pressure of 10 −6 Torr by using rotary pump followed by diffusion pump. In order to relieve internal stresses and defects the specimens were annealed in a muffle furnace (Nabertherm-LHT-02/18, Germany) at 773 K for 2 hours. After annealing, the specimens were cleaned ultrasonically with acetone for 30 minute and mounted on a sample holder attached to DC motor. The mounted samples were placed in UHV chamber. The chamber was evacuated to a base pressure of 10 −9 Torr with the help of turbo molecular pump. Then pure oxygen gas (5N) at a pressure of 100 Torr was filled in the chamber. A laser beam was focused through a focusing lens of focal length 50 cm and was incident at angle of 90˚ with respect to target surface. The specimens were scanned with the help of DC motor. The area of 40 mm × 2 mm was exposed to laser pulses by a scanning speed of 0.55 mm/s. Four targets were exposed to various pulses of 1200, 1800, 2400 and 3000 at a constant laser fluence of 3.4 J/cm 2 under oxygen environments. Scanning Electron Microscope (SEM) (JEOL-JSM-6480) was used for investigating the surface morphology of unirradiated and laser irradiated specimens. The structural analysis of the pre-and post-irradiated specimens was performed by using X-ray diffractometer (X'Pert PRO MPD). The computer controlled 50 KN Universal Tensile testing Machine (UTM) (AG-1 Shimadzu) was used for the tensile testing of both unirradiated and laser irradiated brass. With the gauge length of 30 mm each sample was deformed with cross head speed of 1 mm/min. Microhardness measurements were carried out by pyramid-shaped diamond indenter (Zwick/Roell ZHU-5030) for a 50 g load applied for 15 sec and data reported here represents the average of at least four measurements.
Results and Discussion

Surface Morphology
Figure 1(a) shows the SEM micrograph of an unexposed surface of brass. SEM micrographs of Figures 1(b) -(e) reveal the modified surface of brass after irradiation with a fluence of 3.4 J/cm 2 in an oxygen environment for various number of overlapping laser pulses of (b) 1200 (c) 1800, (d) 2400 and (e) 3000. Figure 1(b) shows that various features with non-uniform shape and density distribution are observed after exposing the surface with the laser pulse of 1200. They include 1) micro-sized cavities surrounded by uplifted edges, 2) bumps, 3) cones and 4) wave-like ridges. When the number of pulses is increased to 1800, a decline in the number density of cavities, bumps and wave-like ridges is observed (Figure 1(c) ) whereas, the size of cavities increases significantly. An appearance of multiple ablative layers and ripples at the edges of cavities is also distinct and can be seen in the inset of Figure 1(c) . The further increase in laser pulse up to 2400, the change in the surface morphology is observed in Figure 1(d) . The appearance of wave-like ridges becomes more pronounced, whereas density of the bumps and cavities reduces significantly (Figure 1(d) ). For the maximum number of pulse i.e. 3000, the density of the ridges and bumps decreases whereas the density of cavities significantly increases as shown in Figure 1 (e). The cracks are also generated for this number of pulses. The cavity-formation as seen in Figures 1(b) -(e) is due to mass removal after produced by the laser induced heating, thermal desorption, melting and explosive boiling of the irradiated surface [10] [11] . When the laser beam intensity exceeds a certain value than the ablation threshold, the target material begins to evaporate, resulting in to the formation of plasma. When the pressure of plasma is higher than the surrounding pressure, the liquefied material is expelled explosively from the irradiated surface due to the violent recoil pressure and becomes a possible cause for the formation of cavities, bumps and wave-like ridges [12] .
Cumulative laser pulse irradiation and surface vaporization resistant impurities are responsible for the cone formation. The direction of these cones is forward peaked towards the incident laser radiation [13] . The interaction of laser pulses causes hydrodynamic instabilities at liquid-solid interface and also plays a significant role for the formation of wave-like ridges and cavities as seen in Figures 1(b) -(e) [14] . During laser matter interaction, surface plasmons are formed. The excitation of these plasmons induce an enhancement of local fields in the surface layer and causes the formation of ripples in surrounding of the cavities [15] .
A decrease in number density of cavities is observed in Figure 1(d) with increasing number of laser pulses up to the range of 2400. Decrease in number of cavities can be due to the reason that shock liquidized material completely or partially refills the cavities produced by initial melting [16] .
Features with non-uniform shape and size distribution are generated at the laser irradiated brass due to surface defects, inclusions, small pits, contaminants, oxides, laser induce thermal stresses and other heterogeneities. The growth of laser induced defects depends on higher sensitivity of laser absorption at that particular sites of material and therefore, causes the non-uniform laser energy absorption inside the material [17] .
The cracks in Figure 1 (e) are due to thermal stress cracking induced due to multiple pulse-irradiation , which possibly gives rise to breakage of atomic bonds at the irradiated surface [18] . The molten material is ejected from the irradiated surface and then cools on a relatively colder target area. As a result, the surface and subsurface layers exhibit laser induced temperature gradients and thermal stresses [16] .
XRD Analysis
XRD technique is employed to attain phase identification, the variation in crystallinity, dislocation densities and residual stresses in the target material. Figure 2 shows the XRD patterns of unirradiated and laser irradiated brass targets. Figure 3 shows the variation in crystallite size with increasing number of laser pulses. Figure 4 shows a plot of variation of dislocation line density as a function of laser pulses. Untreated sample shows the presence of (320), (111), (332), (600), (210) and (102) planes reflection at angles of 41.7˚, 42.6˚, 48.59˚, 62.46˚, 71.62˚, and 78.03˚ [19] respectively. It is also observed that d-spacing, peak intensity and the values of full width at half maximum (FWHM) changes after laser irradiation whereas no change in the phase is found. The absorption of non-uniform conduction of the energy by atoms, recrystallization, non-uniform thermal stresses, Figure 1 . SEM images revealing the surface morphology of (a) unirradiated and Excimer laser irradiated brass for various number of pulses of (b) 1200, (c) 1800, (d) 2400 and (e) 3000. and scattering effect may cause variations in the peak intensity after the laser beam interaction with the brass target [9] .
The crystallite size is evaluated for the reflection plane of brass (111) by using Sherrer's formula [16] .
where D is crystallite size, λ is the wavelength of X-rays (1.542 Å), FWHM is full width at half maximum, and θ is the angle of diffraction. FWHM and θ are measured in radian. The residual strain variations and the dislocation line density are evaluated by using following relation [16] .
( )
where d is the observed and d 0 is the standard plane spacing and ε is the induced strain. The laser induced stresses " σ " are calculated by using the relation given below [16] .
where E is the young's modulus, and for brass its value is 102 GPa [9] . The variation in the peak intensities and d-spacing for various laser pulses under oxygen background is demonstrated in Figure 2 . The difference in the peak intensity is related to the variation in the crystallite size and laser induced strain on the target surface after laser irradiation. The change in d-spacing causes variation in residual stresses and lattice distortion. The differences in inter atomic distances, thermal expansion coefficients, heating and cooling conditions between the surface layers and interstitial diffusion can be a possible cause to produce lattice distortions in lattice planes [20] .
Peak intensity for the plane of brass (111) (Figure 2(a) ) increases with increasing number of laser pulses up to 1800. This increase in peak intensity is ascribed to the crystal growth and atomic diffusion of host material across the grain boundaries after laser ablation [21] . Further increase in number of pulses from 2400 to 3000, the reduction in peak intensity of plane is observed. The main reason for this decrease is recrystallization phenomenon is due to laser induced melting and resolidification. After laser irradiation large sized grains disintegrate into smaller sized which result an attenuation in peak intensity of (111) plane as shown in Figure 2(a) . The crystallite size deceases with increase in number of pulses up to a maximum value of 3000 and is shown in Figure 3 . Laser energy deposition to the target surface generates lattice strains by interstitial diffusion of host atoms. As a result large numbers of laser induced defect are produced which cause to reduce the crystallite size. Therefore these induced defects act as a barrier in dislocation motion [22] . Figure 4 depicts that an increasing trend in dislocation line density with increasing number of laser pulses, and it represents the increase in the concentration of the imperfections in lattice sites. The increase in the dislocation line density in the crystal lattice is due to enhanced quantification of work hardening [23] . The energy absorbed during laser material interaction is utilized not only to increase the mobility of existing dislocation defects but also to generate a great number of new dislocation defects by vibration or distortion [23] . The variation in laser induced stresses corresponding to various number of overlapping laser pulses is displayed in Figure 5 . When high energy laser beam is incident on the solid target, lattice distortion and shock waves are generated. Consequently compressive and tensile stresses are produced in the irradiated brass. The high rates of heating and cooling also generate tremendous temperature gradients. This is associated with the local heating, and the plasma-dynamic flows. This is main reason for the production of residual stresses in the surface layer. The compressive stresses decrease and tensile stresses increase with increasing number of pulses [24] . These structural changes are well correlated with surface morphological modifications. SEM images of Figure 1 illustrate the formation of several kinds of features as cone, cavities and cracks. The cone formation is caused by the compressive stresses, whereas, cavities and crack formation is attributable to tensile stresses. The dislocation line density increases with increasing number of pulses up to 3000 (Figure 4 ) and consequently induces a high level of residual stresses in the irradiated target as observed in Figure 5 [25] . Figure 6 depicts stress-strain curves of 1) unirradiated and laser irradiated brass with a fluence of 3.4 J/cm 2 in an oxygen environment for various number of overlapping laser pulses of 2) 1200, 3) 1800, 4) 2400 and 5) 3000. The variations in the Yield Stress (YS) and the Ultimate Tensile Stress (UTS) with increasing number of laser pulses are shown in Figure 7 and Figure 8 , respectively. Both the YS as well as UTS exhibit monotonic increase with increasing number of pulses. The laser induced defects, stresses and strain fields are possible reason for increasing behavior of YS and UTS with increasing number of pulses. These variations in the value of mechanical properties (YS and UTS) of brass are possibly attributed to the alterations in microstructure and dislocation density which is produced by laser beam-material interaction. As strengthening mechanism is directly proportional to the number of laser induced defects [26] . The impact of high energy photons of laser radiation creates initial displacement damage in the form of primary knock out atoms (PKA) which displace nearby atoms from their equilibrium position. The total numbers of displaced atoms in a cascade depends upon number of pulses, absorbed radiation energy, temperature and nature of target materials [27] . The generation of vacancies and interstitials, and/or their clusters, act as barriers to the glide dislocations. As the incident number of laser pulses increases, the defect density also increases. The increased in number of defects acts as strong pinning points for movement of dislocation plane. Hence dislocation movement reduces which causes improvement of the mechanical properties. For that reason greater mechanical stress will be necessary to start the plastic deformation [28] . Figure 9 shows the variation in the microhardness with increasing number of laser pulses. This graph also shows a monotonic increases in the microhardness of laser irradiated brass with increasing number of pulses. The changes in micro hardness are caused by the lattice disorder, associated with variation in crystal structure and laser induced thermal tensile stresses produced in the material. The alteration in microhardness can also be correlated with the change in crystalline size and dislocation density as has been calculated by XRD analysis and is shown in Figure 3 and Figure 4 respectively. By decreasing the grain size and increasing the dislocation density the microhardness increases [29] .
Tensile Testing
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Conclusions
The effect of nanosecond laser pulses on surface, structural and mechanical properties of brass has been investigated. After laser treatment laser-induced micro-sized cavities, bumps, cones and wave-like ridges with nonuniform shape and density distribution are formed. With increasing number of laser pulses waves-like ridges become less pronounced and more diffusive whereas cracks become dominant. The initial decreasing and then increasing trend in size and density of cavities with increasing number of laser pulses has been observed. The conversion of compressive residual stresses into tensile stresses with increasing number of pulses has also been observed. It is also revealed that the thermal stresses induced by laser irradiation were not enough to introduce new phases in target. The increasing trend in mechanical properties (YS, UTS and hardness) with increasing number of pulses is found. The changes in mechanical properties of irradiated brass specimen are well correlated with surface and crystallographical modifications.
